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1. ACCOMPLISHMENTS

\\CHARGE COLLECTION MEASUREMENTS

Experiments were carried out to measure charge col-
lection resulting from exposure of Rockwell Fat-FET
test structures to alphas, heavy ions and protons. The
alpha and heavy ion data were used to determine the
dimensions of the sensitive volume following techniques
outlined in Appendix A.

Charge collection measurements in Si PIN photodi-
odes were carried out. This represents the first test of
the ability of the CUPID codes to handle partially de-
pleted n-p junctions. Measurements were made with
two devices. The UV-100 PIN photodiode from EG+G
had a sensitive volume which was only partially de-
pleted even at high voltages, the YAG 444 is fully de-
pleted over its thickness (400 um) when fully biased but
the depletion width is substantially reduced for low bi-

ases. &;///(u.h /(/ ge;«w()c_,

;-'// C‘O'V v
MODELING CHARGE COLLECTION

The CUPID codes were modified to include circuits
implemented in GaAs. This required significant changes
to the nuclear reaction codes and the transport portions
of the codes. In order to test the new revision of the
codes, we carried out the experimental charge collection
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measurements described in the previous section. The
lateral dimensions of the sensitive volume were taken
to be the lateral dimensions of the junction as seen un-
der a microscope. The thickness of the sensitive volume
was estimated from the energy deposition spectra ob-
tained with Americium-241 of the type shown in Fig.
2a and 2b of Appendix A.

COMPARISON OF HEAVY ION AND PROTON DATA

If our models of SEU phenomena are correct, one
ought to be able to use the heavy-ion data from ac-
celerator runs to predict the SEU data from proton-
induced nuclear reactions. Successful predictions would
confirm the basic model, the values used for the criti-
cal charge, and the dimensions used for the sensitive
volume. Appendices B and C describe two attempts in
this direction which show considerable success. Future
efforts will be aimed at using proton data to predict
the heavy-ion response because proton irradiations are
cheaper and easier to carry out.
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2. PUBLICATIONS, THESIS AND PAPER PRESENTED

A. The following papers based on work carried out
under this contract were published.

1) "Methods for Calculating SEU Rates for Bipo-
lar and NMOS Circuits”,P.J. McNulty, W.G.
Abdel-Kader, and J.M. Bisgrove IEEE Tranas.
Nucl. Sci. NS-32, 4180-4184 (1985). (See
Appendix B)

2) ”Comparison of Soft Errors Induced by Heavy
Ions and Protons”, P.J. McNulty, J.M. Bis-
grove, J.E. Lynch, W.G.Abdel-Kader, and
W.A. Kolasinski IEEE Trans. Nucl. Sci. NS-
33 1571-1576 (1986). (See Appendix C).

B. The following papers based on work carried out
in part under this contract was submitted for
presentation at the GaAs IC Symposium.

1) "Charge Collection in Partially Depleted GaAs
Test Structures Induced by Alphas, Heavy
Ions and Protons. Shadia El-Teleaty, P.J.
McNulty and W.G.Abdel-Kader.
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C. The following tutorial was prepared for presen-
tation at the annual Single Event Upset Phe- e
nomena Workshop under this contract. th

1) "FUNDAMENTALS of SINGLE EVENT PHE- $:
NOMENA?” by P.J. M°Nulty. "

D. The following theses supported in part by this o
contract were submitted. Ry

1) "Soft Errors Induced by Energetic Protons
in VLSI dRAMs” Submitted by Jeff Bisgrove
for MS degree 1985. 9

2) "Charge Collectior Within Well Defined Mi-
crostructures Induced by the Nuclear Reac- "
tions of High Energy Protons” Submitted by W
Shadia El-Teleaty for the Ph.D. degree in A
1987. 2"

< &L

[N ® TAS Y Y X

R 2 % 8
h

@ reorr
FreLe

Sy




o, b N . e 8'e YA A A R Rat €ad Sak- Sut Se? ' Fa*otatata’ e ah 4 0
UL R S AR R T IR R R N W N I, TNV IA RIS M AU v $:0.4"4 3

APPENDIX A

CHARGE COLLECTION IN PARTIALLY DEPLETED
GaAs TEST STRUCTURES*

Shadia El — Teleatyt , P.J. McNulty, and W.G.Abdel — Kader

Radiation Physics laboratory
Clarkson University
Potsdam, New York 13676

ABSTRACT

Charge collection in Rockwell Fat FET GaAs test structures for events induced by alphas,
heavy ions and proton-induced nuclear reactions were measured for variety of bias values
and two doping levels. Analysis of heavy ion data provided the shape and dimensions of
the sensitive volume. Comparison of proton data and simulations using CUPID codes,
assuming this sensitive volume, yield agreement.

INTRODUCTION

The mechanism by which single-event upset (SEU) events are initiated in Si and
GaAs circuits is the collection of more than a critical charge at a sensitive structure within
some time interval. This time is determined by the circuits of which the structure is a
part. Circuits can be hardened against SEUs by increasing the critical charge, altering
the time constants of the circuit, or introducing fault-tolerant algorithms into the system
architecture. However, the application of any of these fixes with a minimum of performance
tradeoff requires precise knowledge of the SEU rates to be expected before and after the
fix. This, in turn, requires a quantitive understanding of the charge collection at the
SEU-sensitive junctions of the circuits.

The CUPID (Clarkson University Proton Interactions in Devices) codes have been
shown to accurately predict the charge generation in fully depleted Si surface-barrier de-
tectors over a wide range of incident proton energies where the thickness of the detectors
was varied from 2.5 to 97 um (1-3). However, the codes have never been proven to work
for GaAs devices nor have they been tested against measurements with partially depleted
structures in either GaAs or silicon. The codes have been shown to be useful in predicting
proton-induced SEUs from first principles for devices for which sufficient process infor-
mation was known and from heavy-ion data for a variety of other Si device types. Some
of these devices included SEU-sensitive structures which were partially depleted. This
paper presents the first published results from a comparison of CUPID calculations with
charge-collection (CC) measurements in GaAs structures.

The objective of this study was to derive a simple procedure for calculating the charge
collection in partially depleted detectors exposed to energetic protons using the GaAs ver-
sion of the CUPID codes (4). The first approach tried was to test the first-order approach
used in all SEU algorithms for calculating rates in space(5-7), i.e. represent the sensitive
junction by an equivalent sensitive volume. The lateral dimensions of the sensitive volume
are those of the junction while the thickness is chosen to be such that the charge generated
within the equivlalent sensitive volume in the simulation calculations equals the the charge

1
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that would have been collected at the real junction (8,9). ;
{

We will show comparisons between measurements and simulation calculation for GaA.s b
test structures, the fatFET structures on Rockwell’'s GaAs memories. The comparison is Y
done for different energies, biases, and doping profiles. :5
h'_..

EXPERIMENTAL PROCEDURE X

The experimental set up of these measurements is shown in Fig. 1. All the proton -
exposures were done at Harvard University’s Cyclotron using 25 to 158 MeV protons. =
The heavy-ion exposures were done at University of Pittsburgh. The GaAs FatFET test )
structures are tested for two different types (N~ and N~ + N+). The difference between ,c:t
the recent and the previous study (3) is that the devices in that case were fully depleted ":;
Si devices and the only contribution to the CC was the drift component. In this study, the o

devices are partially depleted and there are two extra components contributing: the field »
assisted drift (funneling) and diffusion. Also, the test structures are made from GaAs not e
silicon. "
GaAs Test Structure: o
The gates of the Rockwell (1K RAM) GaAs MESFET test structures were negatively tﬁ
biased with the source and drain grounded. Test structures were available with light (N ) -
and heavy (N*) doping under the gate electrode. The effective thickness of the sensitive ?
volume was quite sensitive to the bias when the lighter doping is used. ;fx‘v

To use the CUPID codes to predict the CC in partially depleted devices, we estimate
the thickness of the sensitive volume from exposure to Am?4! alphas. Figures 2a and 2b
show examples of the CC spectra for GaAs test structures. The position of the peak is
used to determine the effective thickness of the sensitive volume and the high energy tail is

P

{5

»
used to estimate the dimensions of the small enhanced-collection regions (10) at the edges ‘ﬁ
of the 145 um x 350 um structure.

RESULTS X
Comparisons between the simulation calculations and the experimental data are done i
for the two test structures. Figures 3 through 5 show the comparison of N= + N+ for i
energies 25 to 158 MeV protons. Also, similar comparison is shown in Fig. 6 and Fig. 7 .‘:
for N=. The agreement is good for the high energies. The GaAs version of the CUPID ;
codes contains a programming error in which the code generates the wrong number of r
events emerging from the reactions at low incident energies (less than 70 MeV). For this Al
reason, the comparisons below 70 MeV are done by normalizing the model calculations to R
the total number of events to be expected in the SV plus surround, and the known total o
cross-section. The comparison is quite good. X
An interesting feature of the comparisons is that the model predicts that the pulse- o
height spectra falls sharply as the proton energy is decreased while the experimental spectra N
shows small by decreasees in the slope as the incident energy decreases. '
Figures 8 and 9 plots the charge collected at the junction versus the incident particle’s oy,
LET showing a near linear relationship when the bias are zero and -1.2 volts respectively. )
A linear relationship is a necessary assumption for models which increase the thickness of i
the SV to account for the charge collection by funneling and diffusion. The assumption it
appears to be reasonable for GaAs over the range of LET values corresponding to the -~
abundant cosmic-rays. In the final manuscript, more proton exposures and their compar- A
ison with the CUPID code will be presented. "
o
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CONCLUSION

In conclusion, the CUPID codes combined with simple assumptions regar.ding funnel-
ing and diffusion appear to be quite accurate in simulating the charge collection ot: GaAs
test structure for high proton energies. More work is needed for low proton energies but
the assumption of little or no change from higher energies appears to be reasonable. T'he
model predicts a dramatic decrease in the pulse-height spectra for low proton energies
which is not observed experimentally. The simple assumptions regarding funneling and
diffusion contributions to the collected charge that were used here appear to give reliable
results. Until now, we had tested this method by using three different devices, one of them
in this manuscript and the rest in ref. (8,9). It seems that the devices which are tested
have a simple structure. For complicated structures (i.e. CMOS) more work needs to be
done to confirm that the method can be used with the CUPID codes to predict the CC in
all the test structures (Si or GaAs).
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METHODS FOR CALCULATING SEU RATES FOR BIPOLAR AND NMOS CIRCUITS

P. J. McNulty, W. G. Abdel-Kader, and J. M. Bisgrove
Physics Department
Clarkeoo University
Potsdam., Nev York 13676
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APPENDIX B
ABSTRACT
Computer codes developed at Clarkson for
simulating charge generatiom by proton-induced
puclesr reactions ir well-defined silicon
microstructures can be used to calculate SEU rates

for specific devices vhen the critical charge aud the
dimensions of all SEU sensitive junctions on the de-
vice are known, provided one can estimate the con-
tribution from externally-generated charge which en-
ters the sensitive junmction by drift and diffusion.
Calculations for two importaat bipolar devices, the
AMD 29013 bit slice and the Fairchild 931422 RAM, for
vhich the dimensions of the sensitive volumes were
estimated from available heavy-ion test data, bave
been found to be in agreement with experimental data.
Circuit data for the Intel 2164A, an alpha sensitive
dRAM, wvas provided by the msnufscturer. Calculations
based on crude assumptions regarding which npuclear
recoils and vhich alpbas trigger upsets in the 21644
vere found to agree vith experimental data.

INTRODUCTION

Single-event upsets (SZUs)  experienced by
circuits traversing the inner radiation belts are
primarily the result of nuclesr resctions induced by
protons trapped in the belts (1,2). In order to per-
form reliable calculations of SEU rates for specific
devices, one must have a detailed knowvledge of the
oatural proton enviromment, tbhe ability to predict
the pattern of charge generated by nuclear reactions
as a function of incident proton energy, and, for
each of the SEU sensitive junctions on the device,
the dimensions of the junction end the critical
charge that must be collected across that junction to
trigger an upset. This paper describes howv codes de-
veloped in our laboratory to predict charge geoera-
tion in wmicrostructures bhave been combined with
simple assumptions regarding circuit response to
calculate SEU rates in tvo different device types.
The Intel 2164A vas selected for calculations because
both the required circuit information and comsistent

proton SEU cross section dsta is available (3). The
29018 bit slice was chosen because, in addition to
proton data (4), heavy-ion SEU cross section

measurements on the memory registers are available
(5) which could be used to estimate critical charges
and cross sectional areas for the senmsitive junctionms
on the device, snd the presence of a buried layer de-
fines the thickness of the sssociated sensitive
volume. The heavy-ion data available for the 931422
(6) is less complete but good proton data exists
(6)., Upsets in the 2901B and the 931422 bipolar de-
vices bave proven to be sn important problem for manmy
satellite systems.

CLARKSON SIMULATION CODES
Codes have been developed at Clarkson by Farrell
and McNulty (7,8) which simulate the Buclear reaction

and calculate the energy deposition within

*Supported i1 part by AFGL and the DNA-DARPA SEU pro-
gram.

parallelepipeds surrounding or close to the interac-
tion, They are Monte-Carlo programe wvhich choose the
energy and trajectory of the incident protom accord-
ing to the environment or saccelerator exposure being
sisulated, randomize the locations of any nuclesr re-
sctions according to the inelastic ¢ross section, and
follow the standard cascade and evaporation models in
choosing the identity, energy, aand direction of
secondary particles emerging from the cascade and
evaporation stages of the interaction. PFor details
of the puclesr physics behind the codes see Refs. 7-9
and especially Ref. 10. The computer follows each
secondary particle to determine vhether it intersects
the sensitive volume defined by a parallelepiped as
shown in Pig. 1. It them cslculates the emergy de-
posited in the sensitive volume by all the intersect-
ing charged particles. The energy deposited can be
converted to charge generated by dividing by 22
MeV/pC.

INCIDENT | PARTICLE

!

SENSITIVE
’/’ﬂ—‘VOLUME

ELEMENT

«——— SECONDARY
PARTICLES

Pig. 1 Schematic of nuclear reaction relative to
sensitive volume.
The codes have been tested extensively in

silicon by comparison with pulse-height spectra of
the charge collected in nuclear solid-state detectors
vith detector thicknesses rsuging from 2ym to 97 ym
exposed in air to protons having incident energies
ranging from 27 to 158 MeV. The codes are found to
give good fits to the experimeotal dats (7, Il). 4
typical comparison of simulated and measured io-
tegrated pulse-height spectra is shown for 125 MeV
protons incident on & 2.5 microm thick detector in
Fig. 2.
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Pig. 2 Comparison of thoretical calculations of the

pumber of events in wvhich more than a

certain energy is deposited versus that
value of the energy deposited.
User ioputs inoclude the number of protons in-

cident on the exposed area, their energy spectra, and
their angular distributioan. Monoenergetic wun-
idirectional beams arriving at normal incidence to
the chip were used in all the comparisons with
accelerator dats described below. The user must szlso
specify the dimensions of the larger parallelepiped
in which nuclesr reactions may be initisted snd the
location snd dimensions of the smaller parallelepiped
representing the sensitive volume within which the
energy deposition is to be calculated.

Figure ) compares the simulated energy deposi-
tion for the same small sensitive volume embedded in
different thicknesses of surround. Significamt con-
tributions to the integrated energy-deposition
spectra appear to only come from interactions that
occur within 10 ym of the sensitive volume except at

very small energy depcsitions. Lov energy de-
positions are dominated by traversals of the
sensitive volume by alphas aund other 1light
secondsries ss evidenced by & sharp incresse in

This is consistent with our earlier con-
clusion thsat the recoiling nuclear fragment is the
primary mesns of generating esufficient charge to
generate av SEU in circuits that sre ineensitive to
Por circuits not semsitive to alpha
the calculations can be shortemed coun-
sideradly by only considering nuclear interactions
::;t oceur vithin 10 ym or so of the uuxtivo volume
T II!OLAI CXICUITS ?

The AMD 2901! has bocn th. subject of thorough

. studies of its SEU response to both protons and heavy

ions st JPL. Zoutendyk, et al. (5) bave shown that
the 29018 exhibits different SEU cross sections de~
pending opon whether the circuit element is being
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addressed during the exposure.
the unaddressed wmode

Since only data for
exist for both heavy ions and

protons, we limit ourselves to this mode in what
follovs.
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Fig. 3 Comparison of the simulated spectra of

events in which more than a certain energy
is deposited in s ! ym cube of silicon em-
bedded in different thicknesses of silicon
surround but exposed to the same fluence of
protons. Nuclesr —reactions can occur
saywhere in the larger volume. Curves sre
drawn for external cubical volumes of 1 um
(s0l1id),2 um (dashed),4 ym (dot-dash),and 8
um (dot).
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Fig. 5 Schematic taken from Ref. 5 showing the
thicknesses of the layers of a 2901B circuit
element.

The SEU cross sections measured by Zoutendyk, et
al. (5) are plotted as circles in Pig. & versus che
energy of the incident bromine ion. Figure 5 is &
schematic of the 29018 showing the thicknesses of the
various layers of a circuit element. According to
Ref. 5, the collected charge is the charge generated
in the silicon layer between the level of the
base-emitter junctiov and the top of the buried lay-
er, a distance of dum. Using the recipe snd Figs. 6
and 7 from Ref. 5, the charge generated in this layer
can be calculated for any bromine energy.

The dsshed lines in Fig. 4 attempt to represent
their wmeasured cross sectious by the lateral
dimensions of four sensitive volumes - each having
different critical charges. The cross sectioosal aress
of the four volumes can be obtained from the ordinate
of Pig. 4 and the «critical charges can determined
from the abscissa. The thickness of all four are
Jum. The critical charges determined for the four
equivalent structures sre given in Fig. & with arrows
pointing to their corresponding thresholds. The pre-
sence of the buried layer presumably terminates any
charge that wnight otherwise enter the seansitive
volume by drift or diffusion from deeper in the sub-
strate. The fact that the four sensitive volumes are
pested wust be takenm into account in the proton
calculations.

Calculations

The Clarkson codes wvere used to simulate the
pulse-height spectrs for exposure of the four

sensitive volumes to protons incident at the three
energies for which JPL proton data exist for the

29018 (4). The cross-sectionsl sress thst vere ob-
tained from Fig. & and used for these calculstions
are given in column 2 of Table !. Column 1 represents
the range of energy depositions in the 3 um semsitive
layer betwveen threshold for that sensitive volume snd
threshold for the next largsr one. Since the
sensitive volumes are nested, the proton cross sec*
tion for upsets at a given proton edergy is takem to
be the sum of the cross sections for depositing an
energy between the threshold for that volume snd the
threshold for the nexXt larger. These values are
listed in Table 1.

Table 1 (29018)

Croen hm-l—’) Pretes lnergy (MeV)
Eyliev)
Po Bt e 120 390
3.3 s ) 1 w? i 15 10"
"8 Ny e 208 10" Lt 10 o0 10
ne _ne 3000 - YT o .36 107
>n 5000 - - re "
36y CROYS SECTION D) / DRVICS S 2t 10® ] a3 1e®

Comparison between these calculated values snd
the experimental proton measurements oa the 2901B
taken from Ref. 4 is shova in Pig. 6. Circles re-
present simulated cross sections from this paper and
the dashed curve connects the experimentally ameasured
values at the same incident energies. The fit is ex-
cellent at the lover proton energies and reasonably
good even at the higheet energy.
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PROTON ENERGY (MeV)

Fig. 6 Comparison of calculated SEU cross sections
(circles) with measurements at the same in-
cident proton energies for the 29013. Dashed
curve connects experimental points from Ref.

AL - v,
- F PR,




" S n"’n'l..c' \‘t" tab

P, ARRTRNCRARN £ 8:4°0,0%8 2°4, KN R W ¥ XY

4 decond bipolar device for which JPL heavy-ion
and proton data exist is the FSC 931422 BRAM,
Reference 6 reports a single measured threshold LET
of 1.8 Me¥? cu? /mg and a flat SEU cross sectios of
2000 um? for ions having higher LETs. The sensitive
volumes sre arbitrarily assumed to have a thickness
of 15 um. A normally-incident particle with this
threshold LET would deposit 6.2 MeV in a 15 ym layer
of silicon, The Clarksoz proton codes were used to
calculate the cross section for depositing more than
6.2 MeV in & sensitive volume vith lateral dimensions
given by the SEU beavy-ion crose section snd & thick-
opess of 15 ym. Our calculstious vere not particular-
ly osensitive to the thickness <chosen for the
sensitive volume. Figure 7 shows a comparisom of our
simulated cross sections (circles) calculated at o
sumber of incident proton energies with the curve re-
ported in Ref. & to best fit the JPL ameasured

values. Again the agreement is excellent.
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Fige 7 Comparison of calculated SEU cross sectious

(cizcles) with with the best-fit curve from
Ref. 6 for their 931422 protoa dats.

NMOS DRAM

Ve assumed that SEUs in the Intel 2164A dRAM re-
sult from collecting a sufficient number of electrous
to exceed the critical charge required for an error,
149 £C or 3.3 MeV. The latersl dimensions of the
sensitive volume were taken to be those of the memory
cell 8.5 ym x 16.5 um and the thickness taken to be
that of the depletion region under the node, 0.18

YRe

The collection of charge generated outside this
sensitive volume through drift and diffusion muset be
considered. As s first attempt. ve sssumad that all
recoiling residusl nuclear fragments thet traverse
the sensitive volume trigger am upset if the recoil
had & total kinetic emergy equal to or grester thas
3.3 MeV, i.e.o we sesumed all the charges genersted
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iz the short recoils
field-assisted drift.

were collected through
The number of such intersect-
ing recoils resulting from simulated exposures to
given fluences of protons are listed in row 5 of
Table 2 for five different proton emergies. The cor~
responding SEU cross sections for a 64K aemory with
alternating locations filled with ones and zeros are
given in row 6.

The 2!164A can be upset by alphas but the large
critical charge suggest thst only aslpbhas that
traverse the sensitive volume near the end of their
range vill trigger au upset. The high iomnization
levelas aeeded to msintain field assiscted drifc aslong
the trajectory sre wore likely to occur near the end
of the track. The ouambers of alphas io chese
sinulations to emerge from nuclear reactions and
strike the sensitive volume during the last 5 ym of
its range are given iv rov 7 of Table 2 with the cor-
responding SEU cross sectious per device givem in row
8. The total protom cross section, i.e., the sum of

the crosa sections for recoil-induced and
alpba-induced errors is given in the bottom row of
Table 2.
Table 2 (inte) 2164A)
Praton Energy (Mev} 2 1} [ }] 124 153
Ma of tacidens Provens (1P} ane3| srrs] s cers| 332
Pleonse (l-" «.") 6107 7183 48 4123 at)
o Serirs vevatrs | ves | aer | aer [ oare | 2y
iy of taterspcting Qecaile
5> 33 Mev ° 22 30 " 1ne
& + Qevize (1060 cm?) ° 0vre| evr . se?
Ne. of Alphn s Intorsesting
The $.V.{Reder) s 162 n? .2 246
&/ Oovice (1108 cnd) a3e T1e (X woss| 1u3e
a0, (ne7aly oco1e{ 0@ 17 14 104
Experimental messurements to be described
elsevhere (3) have Deen carried out at the same in-

cident proton energies as used in the simulations.
The advantage of these mecasurements over the earlier
messurements on dRAMS (12,13) is that the 21644, s
part designed for military spplications, exhidits far
less variation ian SEU cross section among devices
than was true for those esrlier commercial parts.
The messured velues presented belov are sverages of
the cross sections measured for five parts vhere each
messurement included over 100 errors. Pigure 8 com-
pares theory end experiment. The dashed lines comnect
points that represent the average messured cross sec-
tios and the circles represent the simslated cross
sections. The agreement is quite good except at 21
MeV. It is interesting to note thset reducing the
critical charge by about s factor of 2 wouwld bring
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the 21 MgV calculatiom into sgreement without chaang~ REFERENCES ,:
ing the othar points significantly. Perbaps includ- . _ !
ing the chargs collected through thermal lukuo . hYs

lntvm nltuhu vuld i-prcu th fx:. 1. PrJ. l:!\:lty. ''Radiation Effects on Electronmic-
— N R ; s dXtiome’ ' in Rrocasdings. of the Air Force =
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! el 29644 SRAM 4 Sagalyn. W.R. Spjeldvik and W.J. Burke Kds. '
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84 rad - L
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: S / 4 Pils, snd P.L. Rothwell, ''Promton Upsets in N
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PROTON EMEROY (Mov) 5, J .A . Zoutendyk, C.J, Malone , and L.S8. Smith, bt

IEEE Trame. Nucl. 8ci, N§=2l, 1167 (1984). ,:

?ig. 8 Comparison of SEU cross sections obtained 6. D.K. Nichols, W.E. Prices C.J. Malone. and ‘
from simulations with weasured values ob- L.8. Saith, IREE Trams. Mucl. Sci., N3-1l, :'l

tained at the ssme incident proton energies. 1186 (1984). e

: The dashed curve coonects points represent- b

D ing the average cross sections for five de- 7. P.J. McNulty, G.B. Tarrell, and W.P. Tucker, 3

\ vices from Ref. 3. IEER Traps. Mucl. Sci. NS-28, 4007 (1981), o

! ]

CONCLUSIONS 8, ¢ .2 . Parrell and P .J. McMulty , IEEE Trans. h

i Nucl. Sci. NS-29, 2012 (1982). =

; The Clarkson codes developed for simulatinog 3
charge generstion pulse-height spectra can be used to 9. G.E. Farrell, P.J. McNulty and W. Abdel-Kader, :':‘
calculate SEU cross sections for some devices vith IEER Traos. Nucl. Sci., M3-31, 1073 (1984). S
relatively simple assumptions. Further studies are &
needed to determine the extent to which the techmique 10, G.E. Farrasell Pb.D. Thesis. Clarkson University Y f
can be generalized. In particular, the dRAM » 1983, e
calculations described sbove iovolve crude .
sssumptions that may not work for circuits with 11, 8 . El-Teleaty , G .E. Farrell , and P.J. ]
smaller festure size and smsller critical charges. McNulty.'’ Charge-Deposition in Thim Slabs of "

; However, it is hoped that combining our codes with Silicon Induced by Energetic Protons'', IEER ':

) some of the sophisticated circuit models being de- Trans. Nucl. Sci. NS-30, 4394 (1983).

) veloped by others will lead to comparable success for 3 :
those devices which are not susceptible to the kind 12. = .C. Wyatt , P.J. McNulty . P. Toumbas, P.L. 0
of simple assumptions attempted here. Rothwell, end R.C. Filez, '' Soft Errors Iaduced

by Energetic Protons'', IEEE Trams. Nucl. Sci, ]
y NS-26, 4905 (1979). RE
The agreement found for the bipolar devices de- |'!
monstrates that, for alphs insensitive devices, pro- 13, G.S8. Cuenzer, B.A. Wolickil, and R.G. Allas, |:‘
tou-induced upsets are primsrily the result of the IEER Trans. Nucl. Sci. NS=26, 5048 (1979), N
recoiling suclesr fragment and that heavy-ion data :o:

! may be useful im predicting proton respouse snd . W
vice-versa. However. the short range of the nuclear .
recoil in protom interactions must be taken into y
account i making such correlations. "

1 h t

=%
ACKNOVLEDGEMENTS .:

Conversstions with Tim May at Intel and Pat Vail J'-

of RADC about the 2164A and dRAMs in general are }
spprecisted. Conversations with John Zoutendyk, Don o
Nichole, and Bill Price of JPL regarding their models U

and data for the bdipolar devices is gratefully

acknowledged. ‘::
o
%

1

) 0 N, R " 5wV » )
DO NN ‘d."’ ‘t! AN '."‘A' '(0 A .Q".l!‘x’!‘d.\l.‘n (A ‘0’!‘..!.‘! { e !9'- U i ."'0 X) ‘,0"'_‘}"}@_ O Y .‘f‘ (ol X% S ,.,,. 'Q| P M WY, “,[ ’,. !'



L YO BT I VOl IR TR TR TR T TERTOL BRI 5y Lkt '

' . IEEE Transactions on Nuclear Science, Vol. NS-33, No. 6, December 1986

APPENDIX C .

COMPARISON OF SOFT ERRORS INDUCED BY HEAVY IONS AND PROTONS®

J.M, Bisgrove, J.F. Lynch, P.J. McNulty, and ¥.G. Abdel-Kader
Physics Department
Clarkson University
Potsdam, New York 13676

V. Kletnieks
Educationsl Resource Center
Clarkson University
Potsdam, New York 13676

¥.A, Kolasinski
Space Sciences Lsboratory
The Aerospsce Corporstion
P.0. Box 92957
Los Angeles, CA 90009

ABSTRACT

Careful measurements of the SEU cross section versus
the LET of the incident heavy ion were carried out on
s single Intel 64K dRAN for which proton SEU data had
been recently obtained in order to test whether a
single set of modeling assumptions could provide fits
to bdoth data sets. The Intel 2164A 64k JRAM exhibited
consistent cross—section measurements among devices
testod, a high totsl-dose tolerance, and & proton SEU
cross section that was unaffected by accumulated
dose, making the device very suited for extended
rsdiation studies. The hoavy-ion cross section versus
LET deta was used as input to the CUPID code pre-
dictions of the proton-upset cross section versus in-
cident proton energy. Observed agreement is con-
sistent with the bypothesis that proton-induced up-
sets, sven in alphs sensitive devices, are the result
of recoiling nuclear fragments from inelastic nuclear
interactions and the same basic mechanism is reponsi-
ble for botb heavy ion and proton-induced upsets.

INTRODUCTION

Petersen et al (1) recently pointed out that mo
obvious correlation could be demonstrated between the
relative sensitivity of devices to proton-induced
single event upsets (SEUs) and heavy-ion-induced
SEUs. On tbe other hand, our computer simulations of
proton—-induced energy—deposition events suggest that
the charges genmerated in sensitive microvolumes hav—
ing dimensions typical of silicon and GaAs devices
would be dominated by the contribution of the nuclear
recoil (2-5)., We recently showed how heavy-ion data
could be used to predict proton-induced upsets im two
bipoler integrated circuits (6). In this paper we de-
monstrate that it is possible to sccurately gemerate
the proton cross sections for the Intel 2164A from
apslysis of the SEU cross section dependence on

linear energy tramsfer (LET [loV—c-z /mgl) as ob-
tained from heavy—ion exposures of the device.

The nuclear recoil is a heavy ion, therefore
there should be & correlation between a device's
sensitivity to nuclear resctions and the threshold
LET messured for it with heavy ions. This does not
sean that a collection of devices would necessarily
rank order in sensitivity to protons in the same ord-
er 83 to beavy ions. The relative SEU sensitivity of

¢ York supported by the Air Force Geophysics
Laborstory and the DNA/DARPA Single-Event Radiation
Effects Program.

s device to protons of & given energy will depend
on the dimensions of the sensitive voluse. For
very thin sensitive volumes, the event rate induced
by protons should equal the rate at which auclear
recoils with more than a threshold LET traverse the
seasitive volumes, For thicker volumes, i.e., where
the smallest dimension becomes comparable to the
typical range of a recoil, many recoils may have
sufficient LET but aot enough energy to trigger an
SEU event or, even if they gemerate more than a
critical charge within the seasitive volume, not
enough of it reaches the depletion region to trigg-
er an event.

The border between these two cases will depend
on the threshold LET, the incident proton energy,
the device geometry, and whether it is Gads or
silicon., Contributions from field-assisted drift
end diffusion of charge genmerated outside the de-
pletion region represent further complications
which are partially takea into account ip the
simplest simulations by incressing the thickmess of
the sensitive volume s suitable distance beyond the
that of the depletion region.

Providing a test of whetbher e single set of
modeling assumptions can provide edequate fit to
both proton and heavy-ion SEU cross sections re-
quires that a1l data being compared be obtained us-
ing a single microchip with identical support
circuitry. As far as possible, the modeling
assumptions should be known beforeband, i.e., the
device should be one for which the upset mechenisms
are well understood with the relevant feature sizes
and critical charges previously established. When
the thickness of the sensitive volume used in pro-
ton simulation is not known, the ratio of the
critical charge to the threshold LET measured with
beavy ions should be used. The device should be
capable of surviving the irradiations necessary to
provide good statistics onm soft errors. The Intel
2164A sstisfied the above criteris and had the
furtber advantages of exhibiting only small
varistions in SEU cross sections among devices
tested and of not exhibiting significant changes in
SEU cross section with inmcressing dose.

Proton exposures were done at Harvard
University’s Cyclotron using 21 to 155 MeV protons
to cheracterize the device’s proton cross section
bebavior and total dose response. Heavy-ion
irradistions were done at the 88 inch Cyclotron st
the University of California at Berkeley. The SEU

0018-9499/86/1200-1571301.00 © 1986 IEEE

-

O
. . . R . . : . 3
B O O A O DA DR C OO D i O O OO DO IO OO O i X R NS DAMO IR M OSOO, RTINS S 0

.

EETL

LA



< g,

4.7 Bat ka8, a0 0,

s

1572

event cross section: were then combined with the
CUPID (Clarkson University Proton Interactions in
Devices) (2-6) simulations of protos eiposures for
the Intel 2164A sensitive volume to predict the
proton response of the device. The results were
then compared with the experimentally observed pro-
ton cross sections and found to agree.

EXPERIMENTAL PROCEDURF.

Ezperiventa] Apparatus

Test equipment for this experiment comsisted
of & Zenith Z-100 wicrocomputer with one 64k JdRAN
menory chip displaced f{rom the mother board by a
three foot tetber cable. The chip under test was
inserted ia the socket at the end of this tether
and placed in the radiation dbeaw. Initially loaded
with a test pattern of either ones and zeros
(proton) or all zeros (heavy ion ), the test chip
was irrediated while a machive Jevel program ex-
amined oach memory location and recorded the time
snd location of any errors discovered. Examiastion
of the information storage method on tbe Intel dRAM
indicated dats was stored in a checkerboard pattern
ss slternating blocks two rows wide and one column
long of true and complementary cells. This meant
loading either all zeros or alternating ones and
zeros had no effect on either the number of
sensitive cells cor the psttern of their distribu-
tion. Tbis record of the rum was then stored on
disk st the ead of the run for laster exsmination.

To enable operstion of the equipment, the
video monitor and keyboard were extended onm cables
outside the beam cave. This enabled real time ob-
servation of errors and cowmputer access without
continuously entering the beam cave.

I on Feacilijtie

Proton irradistions at incident energies from
21 to 155 Mev were carried out at the Cyclotron at
Rarvard University while heavy—ion exposures were
carried out at the 88 inch Cyclotron st the
University of Californis at Berkeley. Table 1 shows
the species and emergies of the particles tsed at
Berkeley.

Table 1 Species, energies, LET and range in
silicon used at the 88 inch Beikeley

cyclotron

SPECIES [NERGY LET Range

(V) [Mev-cnz /mgl (nicrons]
Krypton 210 42.37 28.43
Argon 110 16.99 28.0
MNeon 58 6.81 30.2
Cardon 380 0.53 1810.0
Ozygen 424 1.07 969.0
Oelium 11.8 0.38 88.78

The Iptel 2164A

The principsl SEU-sensitive structure inm the
2164A is the storage cell, arn inversion layer formed
under the source electrode of an FET as shown in Fig.
1. The ares of the storage cell in the 2164A is 140
square microns snd estimates of the width of the de-
pletion region end the criticel charge needed for an
upset are 0.18 microns and 149 fC, respectively (7).

(NN RN RE "L Y ARLY UMY e gta gva- ~abe-Ske @R S0 AN RN mal. Ak
PoLYSIL 2 POLYSILICON 1
t
METAL BT Ling  Solect st Source
Orain oloetro«c___//: electrode
R P OXIDE
Re ,

7 —

Inversion loyer

Fig. 1 Storage cell diagram of the Intel 2164A

To obtain & good cross section versus LET ge-
sponse, it was necessary to screes esch heavy—ion run
for shadowing, row hits and multiple errors. Shadow-
ing occurs at large angles of incidence in ex-
poeriments where the ceramic edge of the chip package
walls can shield a portion of wemory from heavy-ion
irradistion, Row hits are a series of errors that
occur slong a coertain row of the device. They sre
believed to result from a single bhit in a semse
amplifier, dummy cell or bit line. Multiple errors
occur in adjacent cells during the same checking per-
jod. They appear to be caused by the charge generated
by the passage of one high LET particle being col-
lected in more than ope wemosry locstion, A program
was written to map errors according to their physical
locations on the chip and tested by optical
microscope beams. Figure 2 shows the errors on such
s map resulting from a narrow light beam incidenmt on
a chip initially loaded with alternate ones and
zeros. The spot could be enlarged or focused until
only one storage cell was triggered, Moving the
microscope stage allowed us to probe all locations on
the chip.

c:: v &
=k
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gl now o:coons -
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Fig. 2 Errors due to photoionization by light bean
on Intel 2164A. Checkerboard appesrance is
due to the chip architecture storing in-

formation in true and complementary format.
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Individual errors induced by proton and ‘:;
heavy-ion irradistion produce small dots os such a we T T T "‘
row-column address map as shown im Fig. 3. The 5 INTEL CHiIPS 5’
offects of shadowing are evidenced in Fig. 3 by an - ] :.'!
absence of errors from & lerge ares on the right. 5 -
Figure 3 shows thst only 75% of the memory cells were -~ ‘
sxposed to the beam at 60 degrees incidence. s,ovr_ - .:.t
"
Close inspectiop of Fig. 3 shows frequent 5 L— - ':..
doublets whioh subsequont analysis showed to cor w ‘.‘,
respond to double-error events. Using information " ¥
gathered from such mapping, the computor identifies N “:
simultaneous upsets which form s single event. A 0o —
sultiple error eveant is counted as one event in g _4 vy
calculating event cross sections. B ".:
=] 0';
4 o
w0'® A 1 1 |,
— ] 30 100 150 :
- — PROTON ENERGY (M&V) Pyt
E g d A : : : Fig. 4 SEU cross section versus proton emergy for ;I:
[ N N several Intel 2164A. ol
(m 1 OO LR B -] "y
Lo el i
Y L N o | b
ROW OECOOERS E'O" — —r—rT l"’:"
:. = lo : o i)
q 4 . el.- ~ 9 INTEL CHIPS
O E : E.C, ) 5 158 Mev "o
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Fig. 3  Errors due to irradiation by hesvy jons st o 0 4,000 6,000 12,000 ¢
60 degrees incidence. The effocts of shadow ¢
ing and multiple error hits can be seen. B DOSE ('Cd.) ".‘:
Fig. $ SEU cross section versus total dose for .l:'
RESULTS Intel 2164A devices. Run wes done with 15§
MeV protons, x
Proton Irradistjons ol
\
§
Figure 4 compares the SEU cross section versus 3 L U r A ¢
incident proton energy for seven Intel 2164A chips. . B INTEL CHIP 12 ,:¢
The cross section shows little variation, even though s :;’4
the data is from two runs performed in two different ~ 40 Mev Y
months. In Fig. 4 and folloving figures the dsts o e
points represent measurements with sbout 10% standard s .
deviation, The variation appears somewhat larger st b
21 NeV, but small fluctuations im the critical cbarge z'o.,F _ :¢
for different cells on the device and the energy Q \
spread in the proton beam introduced by the thick de- - i
graders used to obtain low energy besms could sccount 8 B B *n
for this smsll veriation. The cross sections in Figs. 17, :_,
4 through 7 are expressed in c.z /device. N .
m J
Seversl devices were tested for total-doss de- 8 oA
pendence of the SEU cross section with 155 and 40 MeV O
protons. The cross section is plotted versus dose re- | y \
ceived for 155 and 40 MeV incident protons in Figs. § we '

=
snd 6 respsctively. In doth cases the rum was ter a o 4 s

12
minated by chip dose failure. Somewhat larger DOSE (krad [Si)) !
fluctuations were observed for the chip exposed to 40

KeV protons, just before failure. Still, no systemat-

ic inoresse or decrease in SEU oross section was ob- Fig. 6 SEU cross section versus total dose for an “H
served at esither energy. Little change in the cross Intel 2164A device. Run was dose with 40 MeV o
section was observed at 155 MeV as the dose received protons. W]
increased, &
3
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In addition to a consistent cross—section re~
sponse, the Intel 2164A dRAM exhibited e high
total-dose tolerance compared to other 64k dRAMs.
Measursments of a total dose to fasilure of 13.4
Krads(Si) with protons were in sgreement with earlier
gamma ray (8) studies. Similar experiments using pro-
tons were performed using several TI 4164 commercisl
dRAMs as a comparison, and it was found that these
devices survived about 3.5 krads(Si). Table 2
summsrizes the results of the proton total dose
messurements on the Intel and TI devices.

Table 2 Total dose to failure for Intel 21644
snd TI devices using 40 and 155 MeV
protons and gamma rays.

DEVICE No. TOTAL DOSE TRRADIATION
[Krad(Si)]

TI #1 4.1 155 MeV proton
TI #2 3.5 '
T1 #3 3.5 '

Intel #1 13.3 '

Intel #2 13.8 '

Intel #3 12.8 '

Intel #4 14.6 '

Intel #5 12.9 v

Intel #12 13.2 40 MeV proton
Intel 13.2+/~-1.2 gamma (ref. 8)

(10 devices)

The proton induced SEU measurements summarizied
in Fig. 4 were carried out on devices complete with
1ids. Device #7, chosen for heavy-ion as well as pro-
ton irrasdistions, bad its lid removed before botb the
proton and heavy ion measurements. Figure 7 compares
the lid-off proton data obtained with this chip with
8 curve representing the average proton SEU cross
sections for the seven lidded chips plotted in Fig.
4. The difference between tho two results is only
seon at the lowest two emergies, 21 snd 41 MeV. The
differences there are consistent with the fact that
the incident protons arrive at the sensitive
structures of chip #7 with 8.5 and 5 MeV higher en-
ergies bocavse of the epergy lost in traversing the
lids of the other devices.

Heavy-Iopn Irradistions

Chip #7 was thoroughly characterized using heavy
ions at the Berkeley facility, with two otber devices
exsamined for comparison. The initial pattern in memo-
ry was all zeros. Ian Fig. 8 the cross section ob-
tained from the ratio of the totel errors detected to
the fluence of incident particles is plotted versus
the LET of the incident particles with appropriate
goometric corrections for angle of incidence. The
dats platesus significantly above the geometric cross
soction and exhidbits large variations in cross sec-
tion at different LET values.

The runs were then examined for shadowing and
multiple-error occurrences., Multiple—error events
took the form of doubles, triples, and what we called
‘‘sow fails'’, i.e. long strings of upsets in the
same row. Shadowing and row feils are easy to
identify oo topological bit maps produced dby kaowing
the address—desoramdling logic of the device. Howev-
or, more information is needed to identify doubles
and triples. To be identified as a multiple-error
event, the errors must occur sufficiently near one
another and must occur in the same checking cycles,
therefors location and time need to be recorded. This
method works best when the flusz of incident particles

2
T
1

i

-0~ INTEL AVERAGE

-o- INTEL #7
4 L 1 1
d [+] S0 100 150

SEU CROSS SECTION (cm?2/devicse)

PROTON ENERGY (MeV)

Fig. 7 SEU cross section versus proton emergy for
the average Intel and 1lid-off device. The
difference at low energy is attributable to
energy loss across the lid.

1. ad
®
[ ] . . ’U... L
1o *
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<
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éz [ ]
% 10 o ERRORS
e INTEL 21644
b ] ¢aChip@?
10* ® = Chip #10
O « Chip # 11
200 L

SR TN R W BN BN a4
O P30 15 20 25 30 3

LET sec® (Mev/mg/cm?)

Fig. 8 Uncorrected cross section versus LET re-
sponse of the Intel device,.

is kept low, thus limiting possible coincident single
hits that could be mistaken for a multiple error
svent. The number of multiple errors observed on ocr
heavy-ion runs was much bigher then could be ex-
pleined statistically as random coincidences. It
would also be useful to mote here that no row fails
and only s small number of multiple error events were
observed with the proton irradiations of the Intel
devices,

Figure 9 sbhows the event cross sections for
single, double, and triple error events as determined
from the ratio of the number of such events to the
incident fluence. This is am event cross section,
double-error event produces two errors while o triple
error event produces three errors, but esch still
counts as » single event in the cross section. Double
events are obviously a major factor for high~LET
particles. The cross section for both double and
triple errors rises with LET with the cross section
for double errors appsrently tracking the single
error cross section, The triples heve a different de-
pendesce on LET than the singles or doubles.
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Fig. 9 Cross section versus LET characteristics for
Intel #7 for single, double and triple
events.

Anslysis of tbe memory cells experiencing multiple
errors by placing the errors on an interleaving cell
pattern that simulates the actual interleaving
patters of the memory cel]l indicates that the main
mechanism is charge sharing from a single track by
pesrest neighbor cells, This is the sudbject of snoth
er study to bo published elsewhere (9).

For comparison of the total SEU event cross
sections with theory (10), multiple errors induced by
a single particle should be identified and only coun-
ted once., Figure 10 shows the cross section for SEU
events plotted versus the incident particle's LET
where multiple-error events are counted only once.
The SEU cross section is seen to platesu at about the
geometric cross section as determined by the area of
the storage cell, This is in agreement with the hy—
pothesis that upsets are induced by heavy-ion
traversals of the storage cell (10).

CUPID Calculations

The CUPID computer codes were developed to
calculate the energy deposited in s slab of material
a3 the result of inelastic nuclesr interactions due
to protons. The sensitive volume is embedded in a
larger surrounding volume and a Monte—Carlo simula-
tion is carried out for protoms incideat upon the
larger volume at a given onergy and angle. The eon—
ergies, ranges and directions of secondaries and
suclear recoils resulting from proton—induced in-
teractions anywhere in the larger volume are
cslculated and the charged perticles followed to see
if they intersect the smaller (sensitive) volume.
The emergy deposited in the sensitive volume by each
psrticle that crosses it is then calculated,

Simulatioss of the proton exposures for the
Intel 2164A dRAM used s sensitive volume of 140
square microns ares with s thickness of 3,37 microns
embedded in a larger silicon surround. The thickness
ves calculated from the ratio of the measured
threshold LET and the critical charge of the device
given by the menufacturer (7). The threshold LET
corresponding to 50% of plateau is estimated from
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Fig. 10 Adjusted event cross section versus LET re-

sponse for three Intel devices. Here
multiple events and shadowing are accounted

for.
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- 10¢ 3—%“"" """" 4
3 '
S
€ oL P
SE¢
]
]
)
Sl
= E
INTEL 21644
S ' Chip#7
|
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Fig. 11 Adjusted event cross section versus LET for
device #7 only. Dashed line represents the
cross section versus LET values used in the
CUPID codes for calculating proton cross
sections,

Fig. 10 to be 4.3 lovlngfcnz and the critical charge
was available from the manufacturer and is 149 {C or
3.3 MeV. The experimental heavy-ion cross-section
date was then used in the codes to simulate the de-
vice's response to nuclear recoils; this was done by
breaking a smooth curve through the data points in
Fig. 10 into 10 steps to predict the device's re-
sponse to nuclesr recoils of various LET values. The
dashed line inm Fig. 11 shows how the approximatios to
the experimental data was done.

Comparisons of this cslculation with ¢x-
perimental data obtained with protons on Intel chip
#7, exposed without a 1id, are shown in Fig. 12, They
appear to be inm excellent agreement at all proton en-
ergies.
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Analysis of tbhe memory colls experiencing multiple
errors by placing the errors on am interleaving cell
pattern that simulates the actual imterleaving
pattern of the memory cell indicates that the main
mechanism is charge sharing from a single track by
nearest neighbor cells, This is the sudbject of anoth-
or study to be published elsewhere (9).

For comparison of the total SEU event cross
sections with theory (10), multiple errors induced by
a single particle should be identified and only coun-
ted once, Figure 10 shows the cross section for SEU
events plotted versus the incident particle’s LET
where multiple—error events are couated only once.
The SEU cross section is seen to platean at about the
geometric oross section as determined dy the ares of
the storage cell. This is in agreement with the hy-
pothesis that upsets sre induced by heavy-ion
traversals of the storage cell (10).

CUPID Calculstjons

The CUPID computer codes were developed to
calculate the energy deposited in a sladb of material
ss the result of inelastic nuclear interactions due
to protons. The sensitive volume is embedded in a
larger surrounding volume and a Monte-Carlo simula-
tion is carried out fo:. protonms incident upon the
larger volume at a giveu energy snd angle. The en—
ergies, ranges and directions of secondaries and
nuclear recoils resulting from proton—induced in-—
teractions anywhere in the larger volume are
calculated and the charged particles followed to see
if they intersect the smaller (sensitive) >lume.
The energy deposited in the sensitive vol by each
particle that crosses it is then oslounlat.:

Simulations of the proton exposures i 'r the
Intel 2164A 4RAN used a sensitive volume of 140
square microns area with a thickness of 3.37 microns
embedded in & larger siliconm surround. The thickness
was calculated from the ratio of the measured
threshold LET and the oritical charge of the device
given by the manufacturer (7). The threshold LET
corresponding to 50% of platean is estimated from

.
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Fig. 10 Adjusted event cross section versus LET re-
sponse for three Intel devices. Here

multiple events and shadowing are accounted
for.
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Fig. 11 Adjusted event cross section versus LET for
device #7 only. Dashed line represents the
cross section versus LET values used in the
CUPID codes for calculating proton cross
sections,

Fig. 10 to be 4.3 loV/-g/c-2 and the critical charge
was available from the manufacturer and is 149 fC or
3.3 MeV. The experimental heavy-iom cross-section
data was then used ia the codes to simulate the de-
vice's response to nuclesr recoils; this was done by
breaking a smooth curve through the data poists inm
Fig, 10 into 10 steps to predict the device's re-
sponse to nuclear recoils of various LET values. The
dashed line in Fig. 11 shows how the approzimstion to
the experimentsal dats was done.

Comparisons of this caloulstion with ¢x-
perimental dats obtainmed with protons onm Intel chip
#7, exposed without a 1id, are shown in Fig. 12. They
appear to be in excellent agreement at all proton en-
ergies.
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1 CONCLUSIONS .
[
The results for a single Intel 2164A dRAM seems ‘fé
to provide evidence that both the proton and
heavy-ion SEU response can be modeled under a single
set of assumptions, goversed by & single underlying }
mochanism. This agrees with our previous results for e,
bipolar devices. We have not yet attempted such s )
comparison for CMOS devices. (:
v,
Calculations simulating nuclear resctions and .*
the psssage of secondary particles through a :¢
sensitive volume combined with experimental heavy—ion W
SEU cross section versus LET data, appear to give ex-
cellent agreement with experimental proton runs onm 3
the same device. A key feature in this calculation is ‘&
i starting with a good heavy-ion cross-section curve, 4
. which in turm requires close examination of the
errors generated in order to check and correct for ]
shadowing and multiple—error events, '}

This work seems to indicate that a single
mechanism is responsible for both proton and heavy R
ion upsets and that models which make relatively
crude sssumptions regarding extending the depth of
the sensitive volume to take into account the funnel-
ing and diffusion of charge into the depletion region
sppear to be adequate at least for this simple
structure. It also follows that the ratio of the
critical charge determined from electrical
measurements to the threshold LET determined by
heavy-ion measurements gives a ressonsble estimate of
the thickdess of the sensitive volume. A comparison
of this value of the thickpess with calculated values
based on doping levels and electrical measurements is
in preperation. The technique used here predicted the
proton upset cross sections versus incident proton
energy with ressonable sccuracy for a small sample of
different device types (6) but more testing om other
types is necessary to confirm any general usefulness
of the techaiques.
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